Photoperiodic control of flowering in the short day plant PeriUa involves the transmission of a floral stimulus from induced leaves to the shoot apex. We have studied the basipetal movement of this stimulus and of '4C-labeled assimilates in plants with an induced leaf (donor) grafted into the uppermost internode of a vegetative plant in which the axillary shoots at various nodes along the stem function as receptors.
Many experiments, especially those involving grafting of photoperiodically induced (donor) leaves or shoots onto noninduced (receptor) plants have established the existence of a transmissible stimulus to flowering (16) . Transport of this stimulus requires living tissue (16) , and in Pharbitis nil, the velocity of its translocation was found to be the same as that of assimilates (15) . Thus, it appears that the floral stimulus is translocated in the phloem along with photosynthetic assimilates produced in the donor leaf.
For assimilates, it is well known that their pattern of distribution from a leaf depends on proximity to actively importing tissue and on the availability of assimilates from other leaves (20) . Moreover, the distribution patterns for assimilates may be restricted by orthostichy and vascular connections. A similar dependence on vascular connections and on the availability of alternate sources of assimilates is also important for transport of the floral stimulus (16) . For example, in Kalanchoe blossfeldiana, Harder et al. (12) found that noninduced leaves inhibited flowering only when they were inserted in the same orthostichy between a donor leaf and the receptor bud. Active photosynthesis was required for this inhibition. Subsequently, an elegant study by Chailakhyan and Butenko (4) confirmed that in Perilla the pattern of movement and accumulation of "4C-labeled assimilates over a 24-hr period, as studied by autoradiography of whole plants, correlated with the pattern of transport and accumulation of the floral stimulus, as evident from the flowering response.
The simplest interpretation of these results is that noninduced leaves inhibit flowering by providing an alternate source of assimilates and thus interfere with translocation and, hence, with movement of the floral stimulus (16) . On the other hand, some authors have also argued for the existence of a specific, transmissible inhibitor of flowering originating in noninduced leaves. However, only for the short day plant Fragaria (11) and for the long day plant Lolium temulentum (5) has evidence been obtained that appears to exclude effects on assimilate and, hence, on floral stimulus transport.
In the context of the above observations, we have extended the earlier findings of Chailakhyan and Butenko (4) and studied the relationship between flower formation and translocation of assimilates in Perilla in quantitative terms. The decussate phyllotaxis of Perilla has been particularly useful for examining the effect of the position of a given leaf on the pattern of distribution of assimilates and of the floral stimulus that may be produced in this leaf. Inhibition of flowering by noninduced leaves is shown to be independent of the prevailing photoperiod, but it is related to the rate of photosynthesis.
MATERIALS AND METHODS
Flowering Response. Plants of Perilla crispa (Thunb.) Tanaka were raised from seed in a greenhouse as described previously (22) . Long days LDU:20-hr photoperiod) were maintained by supplementing natural daylight with light from fluorescent lamps at an intensity of 20 ft-c at plant level. To induce flowering in donors, a group of plants was transferred to short days (SD:8 hr-photoperiod) for 28 days prior to grafting of donor leaves onto vegetative receptor plants (21) . At the time of grafting, the leaf pair at the uppermost, immature node (node 1, Fig. 1 the plants were kept for 10 to 12 days in a growth chamber with a 16-hr photoperiod and a temperature of 28 C during the light and 23 C during the dark period. The leaf pairs at nodes 2, 3, and sometimes 4, were retained until defoliation on the 10th or 12th day. At this time the temperature was changed to 23 C, and import of the floral stimulus into receptor shoots was triggered by removal of all or some of the LD leaves on the receptor. Axillary shoots at all nodes were continuously defoliated and examined for flower formation every 2 to 3 days. From 9 to 12 plants were included in each treatment. All experiments have been repeated at least once.
Phyllotaxis in Perilla being decussate, when the adaxial surface of the upright donor leaf faces the observer, each shoot is left or right at nodes 1, 3, and 5, and rear or front at nodes 2, 4, and 6. However, for simplicity the position of the axillary shoots at each node has been schematically represented as left or right throughout (Fig. 1) , rear being equated with left and front with right.
A cross section of a Perilla stem is approximately square, and each corner has been designated with symbols ( Fig. 1) . Thus, axillary shoots on the left side at nodes 1, 3, and 5 are adjacent to the two sections designated as O-X, whereas shoots on the right side at the same nodes are adjacent to the two sectors 0-A. At nodes 2, 4, 6, the shoots in the front (right) are adjacent to sectors 0-fl, and those in the rear (left) are adjacent to sectors X-A.
Application and Counting of Radioactivity. To follow the distribution of photosynthetic assimilates, leaves cut to an area of 30 cm2 were enclosed in a polyethylene bag, and '4CO2 was pumped in from a syringe. '4CO2 was generated from 1 mg of Ba"4CO3 (specific radioactivity 59 mc/mmole) to give an initial concentration in the bag of approximately 600 ,l of C02/liter. The plants were allowed to fix 14CO2 for 30 min under light from incandescent lamps (4000 ft-c filtered through a 5-cm layer of water) and then moved to a growth chamber at 23 C and 4000 ft-c light from fluorescent lamps until harvested.
The distribution of radioactivity was determined by cutting 1-cm stem segments at various distances from the donor leaf. Each segment was quartered longitudinally, and the sectors were frozen in liquid nitrogen. Soluble carbohydrates were extracted in 80% ethanol for 2 hr at 70 C and, after standing overnight, the sections were removed, and the ethanol was evaporated. The radioactivity of the extract was determined in a liquid scintillation counter. Of the total ethanol-soluble and -insoluble counts, 76% were removed on the first extraction. The entire axillary shoots were extracted with 80% ethanol, and "4C radioactivity was determined by scintillation counting of a 1-ml aliquot from a final extract volume of 10 ml.
Application of D-glucose-6-2H (30 ,uc in 0.3 ml water + Tween 20) and D-gluCose-U-14C (4 ,cc in 0.3 ml water + Tween 20) were used to follow the simultaneous export of sugars from two different leaves on the same plant. Spiked samples, containing differing amounts of extractable pigments, were used to obtain a color quench correction curve. Anatomical Investigations. To locate '4C-radioactivity in the stem, segments 0.5 cm long were frozen in freon at the temperature of liquid nitrogen. The frozen pieces were freezedried at -40 C in a stream of moistened air (14) . After embedding in paraffin, sections 15 ,u thick were appressed with the aid of a piece of Teflon to air-dried slides coated with a gelatin-based adhesive (14) . Best adhesion resulted when slides were gently warmed, so that the paraffin just began to melt. Following removal of the paraffin with xylene, the sections were coated with Kodak NTB-2 liquid emulsion autoradiographic film and exposed for 2 weeks at 4 C.
The method of Fisher (9) (Table I) . Shoots flowered normally if inserted above the LD leaf pair or below the LD leaf pair, but in the two other orthostichies (Fig. 2) . Apparently, the inhibitory effect of the LD leaves remains localized in specific sectors of the stem and is only expressed if the LD leaf is located between at node 1, effective graft unions had been established in these plants. ' Basipetal Transport of Photosynthetic Assimilates. The localized inhibition of flowering by LD leaves suggests that the flowering pattern is consistent with the movement of the floral stimulus from the donor leaf along with the assimilates. This was further examined by feeding "CO2 to donor leaves.
'One minor inconsistency in this pattern was the slight delay in the flowering of the shoots at node 3 in treatments d and e (Table II) . However, the timing of earliest observable flowering at node 1 was also delayed for shoots on the same (right) side of the stem. Of 85 plants examined, 68 axillary shoots on the left side of node 1 flowered first. It appears, therefore, that the nature of the graft union is such that the floral stimulus moves preferentially in the left side of the stem.
Plant Physiol. Vol. 51, 1973 Following a 30-min period of "CO, fixation by the donor leaf and a 2.5-hr export period, the pattern of labeling of the axillary shoots (Table III) paralleled the pattern of flowering described previously (Table II) . The results presented in Table  III With complete defoliation (Table III , treatment a), all shoots imported assimilates. When LD leaf pairs were present at nodes 2 and 3 (Table III , treatment b), assimilates were only imported by the axillary shoots at node 1. Following removal of one, two, or three LD leaves, assimilate import was prevented only for the shoots in the axils of the remaining LD leaves and for shoots positioned in the same orthostichy below the LD leaf.
In Perilla most of the vascular tissue is located in the four corners of the stem and, as expected, in each vascular bundle assimilates are transported in the phloem (Fig. 3 ). Radioactivity present in quartered stem segments cut at different distances down the stem, therefore, provides over-all information on the role of different parts of the vascular system in the transport of assimilates.
When all LD leaves were removed, labeled assimilates were translocated from the donor leaf in all four sectors of the stem (Fig. 4a) . Similar profiles of radioactivity declining logarithmically with distance from the source have been reported by a number of authors (2) . The symmetry and consistency apparent for the translocation profiles in all stem sectors indicates that there was little lateral movement of assimilates even after passage through four internodes. From a comparison of the radioactivity in axillary shoots (Table III) with that present in the stem sectors of the same plant (Fig. 4) , it is clear that the amount of assimilates imported by flowering axillary shoots correlates with the amount of assimilates being transported in the adjacent sectors of the stem. During the 3-hr transport period, the front of radioactivity had moved about 30 cm. Therefore, the amount of radioactive material imported into shoots at the lower nodes (Table III) in the basipetal direction; the percentage (<0.1%) of the total radioactivity found in the stem above the fed leaf was insignificant. Only those axillary shoots adjacent to the most radioactive sectors of the stem received considerable amounts of labeled assimilates (Fig. 5 ).
Double-labeling Experiments. In the experiments on movement of radioactive assimilates so far described, shoots that were capable of flowering also received assimilates from the donor leaf. Such flowering shoots failed to import significant amounts of assimilates from LD leaves. Conversely, vegetative shoots imported assimilates from LD leaves. To confirm these differences for shoots actually flowering or vegetative at the time the translocation experiment was carried out, glucose-4C and glucose-6-3H were applied simultaneously to the donor leaf and the LD leaf on plants of treatment e of Table II . Compared to radioactivity incorporated during feeding of 14CO2, glucose uptake and hence movement of radioactivity was relatively poor. Nevertheless, the pattern of export of the 14C-and 'H-labeled products, derived from radioactive glucose, was the same as expected from feeding 14C02 to the donor or LD leaf of separate plants (Table IV) .
In another double-labeling experiment ( Table V) the pattern of simultaneous export of applied glucose was followed from a pair of LD leaves at node 2 (also treatment d, Table II ). Shoots in the same orthostichy as either of the LD leaves were vegetative and also imported most carbon from these LD leaves. Each isotope remained predominantly localized on that side of the stem with the LD leaf to which the particular isotope had been applied, but the 3H-radioactivity showed more lateral movement than the "C-label.
Attention has already been drawn to the asymmetry of flowering at node 3 in some treatments. Differences in labeling techniques and in total uptake preclude precise comparisons between the amount of carbon imported from the donor and from LD leaves. However, it is clear from the results in Tables  III, IV , and V that both the donor leaf and the LD leaves at node 2 supply assimilates to the shoots at node 3.
Vascular Anatomy of the Stem. When a 0.1 % solution of safranin was introduced through a cut LD leaf and sucked down the stem, then only those vascular bundles on the side of insertion of the LD leaf contained stain (Fig. 6 and 7c) . Further down the stem, the stain became restricted to the areas of the bundles located in the corners (internodes 2 and 4, Fig. 7c) .
When a grafted leaf was immersed in a safranin solution, it was possible to load the stain into vascular bundles in all four corners of the stem (Fig. 7a) . However, at each node additional traces from the leaves and axillary shoots are inserted between bundles of the stem. (See anatomical studies with another member of the Labiatae, Coleus blumei [1] .) Thus, as illustrated in Figure 7a , the downward passage of the stain became, at each node, more restricted to vascular tissue located in the corners of the stem. However, if LD leaves were removed and the cut petiolar stumps were sealed with vaseline so that air was not sucked via the bundles which enter the stem at each node, then the stain moved laterally (Fig. 7b) in each sector of the stem.
Timing of Export of Floral Stimulus and Assimilates from the Donor Leaf. As was indicated above, removal of LD leaves 4 or more days after grafting results in flowering of the axillary shoots at these nodes after 11 to 17 days. To follow the timing of stimulus import into such previously inhibited shoots, the LD leaf pair at node 4 was removed 10 days after grafting, and the donor leaf was removed at various times before or after removal of the LD leaf. The data in Figure 8a show that when the donor and LD leaves were removed simultaneously (day Maximal flowering at node 4 resulted when the donor leaf was present for more than 2 days after the interfering LD leaves had been removed.
In contrast to the time required to import an amount of stimulus sufficient to cause flowering, axillary shoots imported "C-labeled assimilates from the donor leaf as early as 0.5 hr after removal of the LD leaf pair (Fig. 8b) Fig. 4 ). '4CO2 fed to 30 cm2 leaf area for 30 min; export period 2.5 hr from start of feeding. Radioactivity (cpm) imported by axillary shoots indicated at each node. axillary shoots at these nodes. At node 3 a comparable inhibition of flowering resulted when a leaf normally in LD was exposed to 6 days of SD or D (Table VI) . In contrast, at node 2 flowering was 62.5% and 100% if the noninduced leaf at this node was placed in SD or D, respectively (Table VI) , for the same 6-day period (day 1 1 to 17) prior to removal of the donor leaf.
The presence or absence of flowering on shoots in the axils of leaves given SD or D for 6 days argues against any photoperiodic requirement for noninduced leaves to inhibit flowering. The possibility that SD or D promote flowering by production of floral stimulus in these leaves can be excluded, since at least nine inductive cycles are required for flowering in Perilla (22) . In fact, in the absence of a donor leaf, no flowering resulted when a single leaf at node 2 or 3 was subjected to 6 days of SD or D. Thus, to obtain flowering in the axils of leaves treated with SD, the floral stimulus has to be imported from the grafted donor leaf.
Since the production of photosynthetic assimilates is prevented in darkness, although export of assimilates may still occur (19) , it was of interest to establish the light intensity required for maximal inhibition of flowering by a LD leaf pair at node 2. In comparison to leaves held horizontally in the most intense light (0.73 cal cm-' min-'), inhibition of flowering was significantly reduced at both nodes 2 and 4, when light intensity was reduced to 50% or less by fixing the LD leaves in a vertical position and by further shading these leaves with cheesecloth (Fig. 9a) . The values for days to appearance of flower buds are not good estimates of the real differences between plants showing 100% flowering at 50% light intensity and those with 58% to 68% flowering at 100% light intensity.
As the light intensity incident on the leaves increased up to 50% of the maximum, essentially all plants flowered, but the appearance of flower buds was delayed. There was only a reduction in the percentage of plants flowering, if the light intensity was increased to the maximum available. Extrapolating from these data, light saturation for LD inhibition resulted between 0.36 (days to appearance of flower buds) and 1.1 cal cm-2 min-' (percentage of flowering plants). However, these values are undoubtedly an overestimate of the light intensity incident on a single leaf, since no allowance has been made for shading of one plant by another in the growth chamber.
The rate of net photosynthesis at different light intensities was also measured for a single leaf of Perilla (Fig. 9b) (Tables II and III) . In some instances, we have also established these patterns in one-and-the-same plant (Tables IV and V) . Both assimilates and the floral stimulus are transported basipetally over long distances and in specific portions of the vascular tissue. Conversely, lack of flowering is invariably associated with the absence of translocation of assimilates from the donor leaf into axillary shoots. Such vegetative axillary shoots receive assimilates predominantly from noninduced leaves. Thus, inhibition of flowering by LD leaves manifests the same three characteristics of transport as does the floral stimulus, namely: basipetal movement, transport over long distances, and localization in specific orthostichies of the stem. As suggested by Chailakhyan and Butenko (4), the simplest interpretation of these results is that the floral stimulus moves with assimilates produced in the donor leaf, and that inhibition occurs when assimilates from noninduced leaves divert the movement of assimilates from the donor leaf to the receptor.
Determination of the light intensity required to saturate LD inhibition of flowering provides a logical, but less direct illustration of the importance of assimilate production and subsequent transport for the distribution of the floral stimulus. A light intensity indicative of that saturating for net photosynthesis was required to saturate inhibition of flowering by LD leaves.
Earlier shading experiments of Chailakhyan (3) with Perilla and of Harder et al. (12) with Kalanchoe suggested a similar requirement for high light intensities in LD inhibition of flowering in short day plants. Furthermore, Chailakhyan (3) also reported that inhibition of flowering by a LD leaf could be simulated by supplying a 3% solution of sucrose to the cut stump of the petiole. In contrast to the above findings, Gibby and Salisbury (10) reported that very low light intensities saturate LD inhibition of flowering in Xanthium strumarium, when a noninduced leaf or part of a leaf was situated between the SD tissue and the receptor bud. Interference with stimulus translocation was, therefore, considered unlikely, and they interpreted their results as evidence for a specific localized LD inhibition. However, additional studies of the properties of the inhibition showed that: (a) approximately the same light intensity that caused LD inhibition was also sufficient for inhibition of inductive SD processes. (b) The critical night length for eliminating inhibition was the same as that for promotion of flowering. (c) At precisely the time that inductive dark processes were most sensitive to light, brief interruptions of the dark period were also most effective for obtaining inhibition of flowering. Thus, the suggestion (10) that a specific LD inhibitory condition exists in Xanthium must be treated with some caution, until it is shown that at least some of the inhibition of flowering is not merely the result of preventing induction itself.
That failure to flower in Perilla results directly from interference with assimilate and, hence, with stimulus transport is also suggested by the kinetics of disappearance of the inhibition of flowering in relation to assimilate movement into axillary shoots. For instance, when the LD leaves are removed, assimilates are very rapidly imported from the donor leaves into the previously inhibited axillary shoots (0.5-6 hr, Fig. 8b) , and floral stimulus sufficient for flower initiation is also rapidly accumulated in these shoots (12- 48 hr, Fig. 8a) .
However, at least two features of this hypothesis require further substantiation. First, that the amounts of assimilates 'IC-glucose (4,lc) was applied to LD leaf in the rear, 30,c 3H-glucose to LD leaf in the front. Shoots were harvested after 24 hr, and 80% ethanol extractable radioactivity was determined. Closed circles (0) indicate shoots with flower buds at the time of labeling 27 days after grafting. translocated to axillary shoots are proportional to the quantities of assimilates moving in adjacent vascular bundles. Second, that assimilates exported by LD leaves determine which vascular bundles will transport assimilates from the donor leaf.
On the first point, following the application of "4CO2 to the donor leaf, axillary shoots that flowered became labeled to a level that was directly correlated with the amount of radioactivity present in the two adjacent sectors of the stem (Fig. 4 and Table III) . This relationship is also in accord with the observation that axillary buds are connected only with adjacent vascular tissue (Fig. 6) , and with the observation that there is negligible lateral conductance of assimilates (<1.0% in Fig.  5 ) or dye solutions (Figs. 6b and 7c) .
Turning to the question of the control by LD leaves of assimilate movement in the stem, three observations which can be made in Figure 4 are relevant. The amounts of assimilates exported from the donor, the number and position of actively transporting sectors of stem, and the shape of the profiles were all influenced by the number of LD leaves present on the stem. Thus, in Perilla, as in tobacco, sugar beet, and sunflower (20) , the pattern of assimilate distribution depends on the phyllotactic arrangement of the leaves and, apparently, on the interaction of the leaves as sources of supply of assimilates. That LD leaves do supply assimilates in competition with the donor leaf is suggested by the transport of assimilates from the donor leaf or LD leaves into different axillary shoots that are inserted on specific orthostichies of the stem (Tables IV,  V, vation of sharp discontinuities in the profiles of "C-radioactivity-2-to 10-fold decreases-when assimilates from donor leaves pass nodes of insertion of LD leaves (Fig. 4) . Probably, since the rate of mass transfer depends directly on the area of the sieve elements (2, 9), LD leaves, by providing an alternate source of assimilates, reduce the area of phloem available for transport of assimilates from the donor leaf.
Even in the presence of two pairs of LD leaves on successive nodes, assimilates from the donor leaf still moved down the stem (Fig. 4b) , although in much reduced quantities. However, little flowering resulted (Table Ilb) , and axillary shoots did not import these assimilates (Table IlIb) . despite the fact that they were present in stem sectors adjacent to the axillary shoots. One explanation for this result is that the stream of assimilates from the donor leaf was "physiologically' isolated from any vascular connection with the axillary shoots. This interpretation is reasonable in view of our evidence that LD leaves export stain solutions (Fig. 7c) and, hence, assimilates directly into the vascular tissue that is in most intimate contact with axillary shoots in that orthostichy. Moreover, assimilates from LD leaves do apparently restrict the area available for movement of assimilates from the donor leaf (see above). In addition, if the bundles which enter the stem at each node were not sealed to prevent the intake of air or water (Fig. 7a, cf 7b) , then the stain solution moved only in the corners of the stem and, hence, was isolated from vascular contact with axillary shoots.
From the entirety of the above results, we may conclude, therefore, that it is not necessary to postulate the existence of a LD-produced transmissible inhibitor of flowering in Perilla. The extensive correlations found between stimulation or inhibition of flowering and assimilate transport in our experiments and in those of Chailakhyan and Butenko (4) can be most simply interpreted in terms of effects on the movement of the floral stimulus.
On the other hand, studies with radioisotopes have indicated that inhibition of flowering in Fragaria (11) and Lolium (6) mav not be the result of interference with assimilate transport.
Our evidence does not completely exclude the existence in Perilla of a LD-produced, transmissible inhibitor of flowering. However, attempts at further characterization of such an inhibitor must account for a number of features. Clearly, inhibition of flowering must be additional to its stimulation; removal of LD leaves alone without grafting of an induced leaf does not result in flowering of mature plants of Perilla (21, p. 51). In addition, the inhibition is transported with photosynthetic assimilates (Tables IV, V, and Fig. 5 ). It can be mimicked by feeding a sucrose solution (3). It is less effective in blocking flowering than is the stimulus in inducing flowering: the stimulus generated by a 30 cm2 area of leaf could induce flowering at node 1 in the presence or absence of LD leaves of 123 cm2 area (Table Ib) . Following removal of the LD leaves, flowering is induced rapidly: the stimulus moves into the axillary shoots within 1 to 2 days, flower primordia appearing 8 to 9 days later. Thus, the inhibition is not stored in the stem or is very labile. Furthermore, inhibition of flowering can result not only from leaves held in LD, but also from leaves exposed to SD or darkness for 6 days (Table VI) . In other words, the duration of the photoperiod is not the deciding factor, provided that photosynthesis and export of assimilates from noninduced leaves is adequate to prevent assimilate transport from the donor into receptor shoots.
The nature of the floral stimulus remains unknown at present. For future studies with Perilla and other plants requiring more than one photoinductive cycle, manipulation of the timing of removal of the inhibitory leaves offers considerable precision in studies of the timing of events of floral initiation. However, as for the known plant growth hormones such as abscisic acid, gibberellin, and cytokinin (17) , relative to the amounts of photosynthetic assimilates, only trace amounts of floral stimulus may be present in the phloem. For instance, when both the LD leaves and the donor leaf were removed simultaneously, a considerable amount of assimilate that was in transit or stored in the stem could accumulate in axillary shoots. However, no flowering resulted from the presumed ima port of the proportionate amount of stimulus. For flowering to occur, stimulus and assimilates had to move directly from the donor leaf to the receptor bud for a period of 12 hr or more (Fig. 8) .
The presence in the phloem of trace amounts of floral stimulus could pose problems for the concept that flowering results from a change in the ratio or balance between various substances (21, p. 52). It is difficult to visualize how such a ratio could be maintained during transport over long distances. Even if the compounds were to move at the same velocity, the total amount of each factor transported and accumulating in the shoot apex would depend on the degree of lateral loss from the sieve tubes (7) . Thus, at present the simplest concept of the floral stimulus is that of a single, hormone-like substance which is transported with assirmilates as demonstrated in Pharbitis nil (15) and in the present study with Perilla. On 51, 1973 established that this difference in physiological responses between a long day plant and two short day species reflects chemical differences in their photoperiodic stimuli.
Page 790, column 2, the last sentence which continues on page 791, column 1, the information should be corrected to read: The (nonsignificant) calculated values for complementation did not exceed the mean of the parent varieties more than 6.5%. Furthermore, no correlation with the results of field trials with the F1 hybrids is indicated. This remains true for heterosis of kernel yield as well as for straw height.
Since the cross between the varieties Jubilar and Diplomat showed a very pronounced and significant heterosis effect in kernel yield, we have used isolated mitochondria from these varieties for biochemical investigations as reported by Sarkissian (4) and Sarkissian and Srivastava (6) . According to Page 736, Figure 7 legend, should be corrected to read: Serial sections taken through internodes 1, 2, 3, and 4 ...
